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Validation methodRecently the use of brown sugar has increased due to its nutritional characteristics, thus requiring a more
rigid quality control. The development of a method for water content analysis in soft brown sugar is car-
ried out for the ﬁrst time by TG/DTA with application of different statistical tests. The results of the opti-
mization study suggest that heating rates of 5 C min1 and an alumina sample holder improve the
efﬁciency of the drying process. The validation study showed that thermo gravimetry presents good accu-
racy and precision for water content analysis in soft brown sugar samples. This technique offers advan-
tages over other analytical methods as it does not use toxic and costly reagents or solvents, it does not
need any sample preparation, and it allows the identiﬁcation of the temperature at which water is com-
pletely eliminated in relation to other volatile degradation products. This is an important advantage over
the ofﬁcial method (loss on drying).
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Soft brown sugar is a product derived from sugar cane, usually
produced in an artisanal way by small agribusinesses through the
cooling of highly concentrated cane syrup. Due to the type of pro-
cessing applied, in soft brown sugar most of the components of
sugar cane are preserved. It is composed of sugars of high biologi-
cal value, like sucrose, glucose and fructose and other components
such as water, proteins, insoluble solids, and a group of important
minerals (K, Ca, P, Mg, Na, Fe, Mn, Zn and Cu). So it is considered a
food of high nutritional value (Guerra & Mujica, 2010; Jesus, 2010;
Lopes & Borges, 1998; Tomasseto, Lima, & Shikida, 2009). Its nutri-
tional properties and type of processing has raised the interest of
(i) consumers concerned in adopting a healthy way of eating by
consuming products that have not undergone a rigorous process-
ing or have not received the addition of chemicals and (ii) by food
and beverage industries aiming to meet the needs of these con-
sumers (Verruma-Bernardi, Borges, Lopes, Della-Modesta, &
Ceccato-Antonini, 2007). Thus, recently an increase in the con-
sumption of brown sugar has been observed, especially in Brazil,
as a substitute for white sugar and as an ingredient in the formu-
lation of industrialized foods and beverages (Costa & Jongen, 2006).Being a natural product, brown sugar presents a quite variable
physicochemical composition and does not support long storage,
mainly due to the presence of impurities and moisture originating
from the raw material (sugar cane) and practices undertaken dur-
ing the production (Jesus, 2010; Lopes & Borges, 1998; Verruma-
Bernardi et al., 2007). This causes its marketing to more distant
markets to be difﬁcult. To ensure its food security and meet the
quality requirements imposed by the food industry, it should
therefore be subjected to a rigorous quality control (Guerra &
Mujica, 2010; Jesus, 2010).
Among the physicochemical parameters adopted for the quality
control of this food, moisture is one of the most critical, since the
water content directly inﬂuences the growth of microorganisms
and the texture, thus affecting stability, shelf life and commercial
value (Isengard, 2001; Jesus, 2010). The Codex Alimentarius
(1999) sets a maximum limit for moisture of 4.5% for soft brown
sugar. Although the Brazilian legislation has not set a maximum
value for this parameter, several authors have recommended that
the moisture content should not exceed 2.4% (Lopes & Borges,
1998; Tomasseto et al., 2009).
The ofﬁcial method for determination of moisture in brown
sugar is loss on drying performed by oven drying with a previously
established temperature and time (105 C and 3 h) (IAL, 2008;
ICUMSA, 2007; Nielsen, 1994). Although this methodology is sim-
ple and cheap, it does not allow distinguishing between the end of
the elimination of water and the beginning of the degradation
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systematic errors in moisture analysis (Nielsen, 1994; Wrolstad,
2012). In the literature a tendency can be observed however to
propose alternative analytical methods that are more accurate
and reliable than oven drying for water content analysis in foods
with high carbohydrates contents, such as Karl Fischer titration
and infrared radiation drying (Acquistucci, Bucci, Magri, & Magri,
1991; Felsner, 2001; Heinze & Isengard, 2001; Isengard & Heinze,
2003; Isengard & Präger, 2003; Schöffski, 2001; Tomassetti,
Campanella, & Aureli, 1989).
Simultaneous ‘thermogravimetry – differential thermal analy-
sis’ (TG/DTA) is a technique that allows determination of the loss
of mass and thermal response (temperature difference or heat ﬂow
range) of any homogeneous material subjected to a heating rate
under controlled conditions, as well as the identiﬁcation of events
related to dehydration and degradation reactions (Haines, 2002).
The TG/DTA was described as an accurate method to determine
the water content in various food products, such as starch, ﬂour,
roasted coffee, milk powder (Tomassetti et al., 1989), wheat ﬂour
(Acquistucci et al., 1991) and seafood (Silva, Silva, de Andrade,
Veloso, & Santos, 2008), but has been applied less frequently to
foods containing high sugar contents (Felsner, 2001).
These facts have stimulated the development of a new analyti-
cal method for the drying of soft brown sugar using thermogravi-
metry due to its simplicity and ease of implementation. The aim
of this study was thus to develop, in an unprecedented way, a ther-
mogravimetric methodology for water content analysis in this food
by performing optimization and validation studies applying differ-
ent statistical techniques. To our knowledge no previous effort has
been made to optimize and validate this technique for water con-
tent analysis in soft brown sugar.2. Materials and methods
2.1. Samples
In this study twelve soft brown sugar samples, (also known as
muscovado brown sugar) obtained by artisanal processing from
ﬁve different manufacturers were used. The samples 01–11 had a
moist and sticky texture, ﬁne grains, strong molasses ﬂavor and
dark brown color while the sample 12 presented light brown color
and slightly coarse grains. They were stored in polyethylene con-
tainers and kept in a cool and dry environment until the realization
of the analyses.
2.2. Experimental methods
2.2.1. Simultaneous thermogravimetry and differential thermal
analysis (TG/DTA)
A simultaneous TG/DTA instrument (6000 series Exstar model
of Seiko) was used to obtain TG/DTA curves of soft brown sugar
samples under a constant dynamic atmosphere of synthetic air
(50.0 mLmin1) from room temperature until 250 C. Alumina or
platinum sample holders of 50 lL for both the sample and the ref-
erence were used with heating rates of 5 C min1 or 10 C min1.
Each sample had a mass of approximately 5.0 mg. The samples
were weighed as quickly as possible to minimize the moisture
uptake or release from the sample. Therefore, the scans were initi-
ated without awaiting thermal equilibration. Approximately
5.0 mg of a-alumina (a-Al2O3) powder (Sigma–Aldrich, Germany)
was used as an inert reference.
2.2.2. Karl Fischer titration
The water content was measured by a volumetric Karl Fischer
titration with titrator Q349-1 from Quimis using Karl Fischerreagent without pyridine (Biotec, Brazil) and anhydrous methanol
(J.T. Baker, USA) according to the method 014/IV of the Physico-
chemical Methods for the Food Analyses (IAL, 2008). All measure-
ments were carried out in duplicate.
2.2.3. Sugar moisture by loss on drying
The moisture content was determined by a loss on drying tech-
nique according to the GS 2/1/3/9-15 Method, from ICUMSA
(2007). All measurements were carried out in duplicate.
2.2.4. Other physicochemical analyses
To better understand thermal degradation of soft brown sugar
samples other physicochemical analyses such as reducing sugars
and conduct metric ashes were carried out according to methods
from ICUMSA (2007), and acidity according to method 174/IV of
the Physicochemical Methods for the Food Analyses (IAL, 2008).
All measurements were carried out in duplicate.
2.3. Optimization study
To optimize the thermogravimetric method a 22 factorial design
was applied investigating the inﬂuence of heating rate and sample
holder material on the soft brown sugar samples’ water contents.
Duplicate TG/DTA curves were obtained in random order for all
combinations of the factors in each level.
The factor effects were calculated by:
Ef ¼ ðRþÞ  ðRÞ
where (R+) and (R) are the means at the (+) and () levels of the
factors.
The factor effects on water content values were tested for statis-
tical signiﬁcance by calculating standard errors and 95% conﬁdence
intervals. All the statistical data analyses were carried out using
the software Minitab for Windows version 16.2.2 (MINITAB,
2010, Minitab Incorporation, USA, 2010).
2.4. Validation studies
For the validation study, the two parameters precision and accu-
racy were evaluated according to AOAC guidelines (Wernimont,
1985). Both parameters were determined by comparing the results
of the thermogravimetric method developedwith the values of Karl
Fischer titration (reference method). To evaluate the accuracy of
thermogravimetry, a paired t-test for the mean differences of water
contents obtained for the analytical methods was applied
(Wernimont, 1985). To evaluate the developed method’s precision,
the weighted variances (Sp2) of each of the analytical methodswere
compared by applying an appropriate F-test and by calculating con-
ﬁdence intervals for the ratiobetweenthevariancesand for standard
deviations weighted (Sp). The precision and accuracy of the ofﬁcial
method (loss on drying) was also evaluated by applying the same
statistical techniques. All statistical analyses were performed at
95% conﬁdence level by using the software Minitab for Windows
version 16.2.2 (MINITAB, 2010,Minitab Incorporation, USA, 2010).
3. Results and discussion
3.1. Thermogravimetric drying proﬁle
To evaluate thermogravimetric drying proﬁle of a brown sugar
sample, TG/DTA curves in the optimized conditions described in
item 3.2 were obtained. The process of drying is characteristic of
foods with high sugar contents as illustrated in Fig. 1a. In the TG
curve, between 25 C and 250 C three very subtle inﬂection points
were observed that indicate changes in velocity of mass loss during
Fig. 1. (a) TG (solid line)/DTA (dotted line) curves from soft brown sugar sample
analyzed in the optimization study and (b) drying thermogravimetric curve
obtained in optimized conditions.
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elimination from several sources. The type and degree of binding
is reﬂected by the temperature of mass loss (Harwalkar & Ma,
1990). To better understand this behavior, water contents deter-
mined by thermogravimetry were plotted versus drying tempera-
tures as shown in Fig. 1b.
The facility in which water is removed from foods depends on
how it exists in the food product, in other words, of its interactions
with main components of foods (Nielsen, 1994). This has an inﬂu-
ence on the water separability and on the possibility to detect it by
different analytical methodologies (Isengard, 2001). In Fig. 1b three
loss mass ranges were detected. This result suggests that the waterTable 1
Thermal and chemical composition data of the samples of soft brown sugar expressed as
Brown sugar samples Thermal data
Tf,drying
* (C) Tm,peak (C) Tm,onset (C)
01 158 184 176
02 145 180 169
03 139 183 172
04 153 183 170
05 142 179 167
06 158 178 164
07 140 181 171
08 163 181 168
09 165 178 167
10 163 179 165
11 165 177 164
12 165 185 173
* Tf,drying = ﬁnal thermogravimetric drying temperature.present in soft brown sugar is bound to the food matrix in different
ways. The sigmoid behavior observed was also very similar to the
one determined for desorption isotherms for sugar-rich foods
(Mathlouthi, 2001).
The mass loss detected between 25 C and 100 C (Fig. 1b) was
attributed to the presence of solvent or free water, in other words,
water present on the surface, big cavities or large pores of sugar
matrix (Isengard, 2001; Mathlouthi, 2001), easily removed at lower
temperatures. Between 100 C and 145 C (Fig. 1b) a linear region
was observed that was associated with water loss corresponding
to less rigidly and capillary adsorbed water (Mathlouthi, 2001).
The strong interaction of thiswater fractionwith components of soft
brown sugar requires a greater heat amount to be removed. Conse-
quently, the elimination of water will occur at higher temperatures.
Between 145 C and 160 C (Fig. 1b) a mass loss arising from
monolayer strongly bound water removal was detected
(Mathlouthi, 2001). Above 160 C a rapid mass loss was detected
that was attributed to volatile products of degradation of sucrose
and the other sugars (fructose and glucose) (Cui, 2005; Schöffski,
2001; Wrolstad, 2012). Several studies have been conducted to
elucidate how the thermal decomposition of sugars occurs
(Eggleston, Vercellotti, Edye, & Clarke, 1996; Kumaresan &
Moorthy Babu, 1997; Lee et al., 2011; Orsi, 1973; Quintas,
Brandão, & Silva, 2007; Ross et al., 2013; Simkovic, Surina, &
Vrican, 2003). The ﬁrst step of thermal decomposition of sucrose
is the splitting of the glycosidic linkage between fructose and glu-
cose by acid hydrolysis. The hydrogen ion (H+) required as a cata-
lyst for this reaction is supplied by water or acidic products arising
from decomposition reactions of reducing sugars (glucose and
fructose) and salts effects. Subsequently, dehydration reactions
and polymerization have been reported (Lee et al., 2011; Ross
et al., 2013; Vanhal & Blond, 1999). So, in this paper we attributed
the mass losses occurring between 25 C and 160 C to the water
removal of the analyzed sample. The temperature of 160 C was
considered the point at which water contained in the brown sugar
sample is completely eliminated and where the degradation reac-
tions described above become measureable. This hypothesis was
based on the break at 160 C shown in Fig. 1b. Nielsen (1994)
described similar behavior for other foods such as wheat ﬂour, corn
meal and corn starch at temperatures higher than 184 C.
The water contents from soft brown sugar samples analyzed by
thermogravimetry during the validation study (item 3.3) were
determined in the same way and presented similar thermal behav-
ior. However, the ﬁnal temperature of thermogravimetric drying
(Tf,drying) was different between the samples (range of 139–
165 C) (Table 1). We found that the presence of impurities of
different kinds and in variable quantities can accelerate the degra-
dation of sucrose differently (Eggleston et al., 1996; Lee et al.,mean values.
Chemical composition data
Acidity (meq kg1) Ash (g/100 g) Reducing sugars (g/100 g)
23.0 2.5 3.1
32.2 4.1 4.4
64.9 4.4 5.9
38.2 4.6 5.9
27.6 2.9 5.5
22.5 2.7 7.8
40.5 5.1 6.1
25.8 4.4 6.3
16.1 2.9 8.4
17.2 3.6 7.2
16.6 3.3 6.2
9.7 1.7 4.5
Table 2
The 22 factorial design results for water content analysis in the soft brown sugar
samples by thermogravimetry.
Experiments Heating rate
(C min1)
Sample holder
material
Water contents averages
(g/100 g) ± SD
TG1 5 Platinum 1.91 ± 0.16
TG2 10 Platinum 1.56 ± 0.13
TG3 5 Alumina 2.53 ± 0.05
TG4 10 Alumina 1.70 ± 0.14
Effects Estimate ± standard-error
Global mean 1.93 ± 0.02
Main effects: Heating rate (1) 0.59 ± 0.04
Sample holder (2) 0.38 ± 0.04
Effects of second order
interactions: (1)  (2)
0.24 ± 0.04
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of reducing sugars, mineral salts (expressed as ash) and organic
acids (expressed as acidity) were determined (Table 1). A small
negative linear correlation between the ﬁnal drying temperatures
and the ash content (r = 0.545) was observed indicating that soft
brown sugar samples with higher ash content showed lower ﬁnal
drying temperatures. Eggleston et al. (1996) studied the effect of
salts on the thermal degradation of concentrated aqueous solu-
tions of sucrose and observed that ions such as K+, Na+ and Ca2+
increase the initial degradation of sucrose while the Mg2+ ion
enhances the subsequent degradation. An increase in the rate of
sucrose degradation during heating, promoted by these ions, pres-
ent in variable amounts in soft brown sugar (Natalino, 2006), could
explain the lower ﬁnal drying temperatures as observed in some
samples. A strong negative linear correlation between the values
of acidity and ﬁnal drying temperature (r = 0.820) was also
observed. This suggests that a higher acid content of the raw mate-
rial (sugar cane) or acidic degradation products of sucrose formed
during the processing of soft brown sugar (Eggleston & Vercellotti,
2000), in some samples, may increase degradation as described
above and consequently reducing the ﬁnal drying temperatures.
The DTA curve (Fig. 1a) showed two endothermic events, at
184 C (Tm,onset = 176 C) and 225 C, respectively. The ﬁrst event
was attributed to sucrose melting (Ross et al., 2013) and other
components present in the sample of soft brown sugar. The second
endothermic event was attributed to the elimination of volatile
products (water, carbon monoxide, carbon dioxide and hydrogen)
resulting from the degradation of sucrose and other sugars
(Kumaresan & Moorthy Babu, 1997; Orsi, 1973). Due to the com-
plex behavior of melting of sugars, in which thermal decomposi-
tion reactions can occur before or close to the melting point, in
the literature a range of values for sucrose melting between 185
and 190 C can be found, whilst 186 C is generally the accepted
value (Hurtta, Pitkänen, & Knuutinen, 2004; Lee, Thomas, &
Schmidt, 2011; Ross et al., 2013). The sugar’s origin may be respon-
sible for the wide variation of melting points, since there are differ-
ent sources (e.g., cane and beet sugar) and manufacturing methods.
These ﬁndings of variation in sucrose melting peaks have mainly
been related to impurities or polymorphism (Lee, Thomas, &
Schmidt, 2011; Ross et al., 2013). In general, the presence of impu-
rities signiﬁcantly decreases the melting temperature and broad-
ens the melting peak (Beckett, Francesconi, Geary, Mackenzie, &
Maulny, 2006; Lee, Thomas, & Schmidt, 2011).
In this work, the analysis of DTA curves of other soft brown
sugar samples showed that the melting event occurred at a quite
wide range of temperatures (Tm,peak = 177–185 C, Tm,onset = 164–
176 C) (Table 1). A negative linear correlation (r = 0.724)
between the content of reducing sugars and onset temperature
attributed to melting (Tm,onset) was observed. This behavior could
be explained by the presence of reducing sugars (fructose and glu-
cose) in varying quantities in the brown sugar samples, which melt
at relatively lower temperatures (melting peaks between 146 and
165 C for glucose and melting peaks between 102 and 132 C for
fructose) than sucrose (Hurtta et al., 2004). Another important
aspect to be highlighted in the results of TG/DTA is that the ﬁnal
drying temperatures were lower (139–166 C) than the melting
range observed (Tm,onset = 164–176 C) for all the samples. This
indicates that the thermal decomposition reactions begin before
melting and they are inﬂuenced by type and amount of the impu-
rities present (Table 1).
3.2. Optimization study
The analysis of water content in foods with high sugar contents
by thermal methods has been little explored due to the complex
behavior of dehydration and melting observed for sugars (sucrose,fructose and glucose) and that may overlap the thermal decompo-
sition reactions. It is thus essential to determine the optimum anal-
ysis conditions in which the dehydration event can be separated
from events arising of thermal decomposition reactions of food.
In the literature it has been observed that the study of the ana-
lytical conditions for thermal methods (DSC and TG/DTA), which
inﬂuence the degradation of sugars, has investigated the inﬂuence
of instrumental variables (heating rate, mass sample, ﬁnal heating
temperature and time of heating) as well as the inﬂuence of traces
of organic and inorganic impurities (Beckett et al., 2006; Eggleston
& Vercellotti, 2000; Eggleston et al., 1996; Hurtta et al., 2004; Lee,
Thomas, & Schmidt, 2011; Orsi, 1973; Richards, 1986; Ross et al.,
2013; Vanhal & Blond, 1999). However, no studies were found on
the inﬂuence of the sample holder. Furthermore, it was observed
that investigations have been directed to the thermal behavior of
pure sugars (analytical standards) and in none of them the effect
of instrumental variables on dehydration behavior of foods with
high sugar contents is evaluated. Thus, in this work towards opti-
mization of thermogravimetric method a factorial design 22 was
applied to investigate the inﬂuence of heating rate and the sample
holder’s material on water contents of soft brown sugar. The eight
TG/DTA curves showed a thermal drying proﬁle similar to that seen
in Fig. 1 for the water removal step. The results of the factorial
design and the calculated effects are shown in Table 2.
From the analysis of t-test at 95% conﬁdence level, the factorial
design variables (heating rate and sample holder) were considered
signiﬁcant and no important effect of interaction between these
was observed (Table 2). This means that the variables heating rate
and material of the sample holder can be optimized independently.
Change of heating rate level from 5 C min1 to 10 C min1
resulted in an average water contents’ decrease of approximately
0.59% (Fig. 2). This behavior may be associated with the chemical
composition and processing type of soft brown sugar. This food
consists of less reﬁned sugar crystals with molasses entrapped.
So it exhibits varying amounts of impurities such as mineral salts,
acids, proteins and sugars like glucose and fructose (Cui, 2005;
Harwalkar & Ma, 1990; Wrolstad, 2012). Such impurities decrease
the stability of the brown sugar accelerating the thermal decompo-
sition reactions that overlap to water removal from the sample.
This effect is more pronounced (Tf,drying lower) when a heating rate
of 10 C min1 is utilized, as it becomes difﬁcult in thermogravi-
metric drying curves to distinguish the mass losses by water con-
tained in the brown sugar sample of those derived from
degradation reactions, regardless of the sample holder utilized
(Fig. 3). Thus, the use of heating rates of 5 C min1 is more suitable
and even necessary for the drying of samples that contain high
sugar contents, as it minimizes the chances of introducing system-
atic errors in the water contents. This effect of heating rate was
also observed by Felsner (2001) for the thermogravimetric drying
of honey samples.
Fig. 2. Plot of main effects for factorial design variables.
Fig. 3. Drying thermogravimetric plots extracted from TG/DTA. The water content
in brown sugar sample determined by KF titration is 2.59%.
Table 3
Water (Karl Fischer and TG/DTA methods) and moisture contents (loss on drying)
averages and standard deviations for soft brown sugar samples obtained by analytical
methods.
Brown sugar samples Water and moisture Contents (g/100 g) ± SD*
Karl Fischer TG/DTA Loss on Drying
01 2.59 ± 0.09 2.53 ± 0.08 2.71 ± 0.03
02 3.16 ± 0.03 3.23 ± 0.05 4.39 ± 0.01
03 3.36 ± 0.01 3.36 ± 0.02 5.29 ± 0.01
04 2.20 ± 0.02 2.21 ± 0.01 3.24 ± 0.09
05 2.46 ± 0.01 2.46 ± 0.04 3.82 ± 0.08
06 2.86 ± 0.01 2.88 ± 0.02 4.00 ± 0.05
07 3.35 ± 0.06 3.41 ± 0.08 4.70 ± 0.03
08 3.74 ± 0.04 3.76 ± 0.04 4.24 ± 0.04
09 3.54 ± 0.01 3.58 ± 0.05 4.23 ± 0.06
10 2.84 ± 0.01 2.78 ± 0.07 3.39 ± 0.06
11 3.01 ± 0.01 3.02 ± 0.04 3.50 ± 0.01
12 1.53 ± 0.02 1.53 ± 0.03 2.15 ± 0.07
* Standard deviations were calculated using duplicate measurements from water
contents (Karl Fischer and TG/DTA methods) and moisture contents (loss on drying)
of each of the analytical methods investigated.
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platinum to alumina, resulted in an average water contents’
increase of approximately 0.38% (Fig. 2). This can be explained by
differences in the characteristics of heat transfer for each type of
material of the sample holder. Platinum has a higher thermal con-
ductivity (71.6 Wm1 K1) than alumina (30 Wm1 K1) and thus
provides an increase in heat transfer between the sample and the
sample holder. As described above, the presence of impurities in
the brown sugar, such as reducing sugars (glucose and fructose),
minerals, salts and organic acids in different proportions, decreases
the stability of the product and the degradation reactions previ-
ously described become measurable at lower ﬁnal drying temper-
atures, especially when a platinum sample holder is used (Fig. 3).
Apart from these main effects no signiﬁcant interaction among
variables have been observed (Table 2), which means that the fac-
tors can be analyzed separately, as their effects are independent
from the levels of other variables.
The results of the factorial design suggest that the best condi-
tions for the thermogravimetric determination of water in soft
brown sugar are those of the TG3 experiment described in Table 2.
To conﬁrm this hypothesis, a water content analysis by the Karl
Fischer method was performed and a t-test at 95% conﬁdence level
was applied. Analysis of the t-test (p > 0.05) indicated that there
were no signiﬁcant differences between the water contents of soft
brown sugar sample determined by the two analytical methods.Therefore, the optimal conditions for thermogravimetric analysis
were: 5C min1 heating rate, alumina sample holder, dynamic
atmosphere of air (50 mL min1) and 5.0 mg sample masses.3.3. Validation studies
Recently, there is a worldwide recognition that method valida-
tion studies are needed in any laboratory engaged in the develop-
ment and establishment of standard methods. In literature, it has
been pointed out that among the performance characteristics accu-
racy and precision are the most crucial aspects that any analytical
method should address (Araújo, 2009; Wernimont, 1985). Accu-
racy refers to the degree of agreement of individual measurements
with some true or accepted reference value of the property being
measured while precision is deﬁned as closeness of individual
measurements to some mean value (not necessarily true value).
The determination of accuracy allows estimating the extent to
which systematic errors affect a particular method while an anal-
ysis of precision expresses numerically the random error or the
degree of dispersion of a set of individual measurements by means
of the standard deviation, the variance or the coefﬁcient of varia-
tion (Araújo, 2009; Wernimont, 1985). Therefore, to ensure that
the water contents in brown sugar samples determined by thermo-
gravimetry are reliable, a validation study evaluating these two
parameters was performed. The results of the analysis of different
soft brown sugar samples by thermogravimetry and Karl Fischer
titration are presented as averages and standard deviations in
Table 3.
The accuracy of an analytical method has been evaluated by dif-
ferent strategies as use of certiﬁed reference materials, comparison
with reference methods or by recovery studies (Araújo, 2009). In
this work, the Karl Fischer titration was adopted as a reference
method due its high selectivity for water analysis in different
matrices (Isengard, 2001). So, the accuracy of the thermogravime-
try was evaluated by a paired t-test at 95% conﬁdence level, for the
differences between the average water contents determined by
thermogravimetric and Karl Fischer methods. The results of this
statistical test (t = 0.93, p = 0.363) suggest that there are no signif-
icant differences in water contents obtained by the two analytical
methods. Thus the thermogravimetry shows adequate accuracy for
water analysis in brown sugar samples.
Estimates of precision of an analytical method can be obtained
by comparing the standard deviation or variance of two analytical
methods using different samples of the same food, or by replication
G. Ducat et al. / Food Chemistry 177 (2015) 158–164 163of a sample for an extended period of time (Wernimont, 1985).
Another strategy is to evaluate the inﬂuence of factors such as
time, equipment, laboratory and analyst in the precision of the
method (Araújo, 2009). Thus, to evaluate the precision of thermo-
gravimetry an F-test was applied that considers the ratio of the
sample variances from thermogravimetric and Karl Fischer meth-
ods and conﬁdence intervals were calculated for the ratio of vari-
ances and for the weighted standard deviations at 95%
conﬁdence. The analysis of the F-test (Fobs = 1.85; p = 0.324) sug-
gests that the thermogravimetric method shows precision similar
to the Karl Fischer titration. These results are corroborated by the
conﬁdence intervals for the ratio of variances (0.531–6.413 for
thermogravimetry), which present a lower limit less than 1.0. This
fact and also the overlap of conﬁdence intervals for the weighted
standard deviations (0.035–0.082 for thermogravimetry and
0.026–0.059 for Karl Fischer), indicates that there are no signiﬁcant
differences between the precision of the new thermogravimetric
method proposed in relation to Karl Fischer titration. This conﬁrms
that the thermogravimetric technique developed in this study has
adequate precision for the determination of water in soft brown
sugar samples.
The loss on drying is the ofﬁcial method for moisture analysis in
brown sugar samples, which is recommended by ICUMSA (2007)
and Codex Alimentarius (1999). Oven drying methods are usually
adopted as standard methods in the water analysis of foods
because they are easy and cheap. In the literature it is recognized
by many researchers that drying techniques do not measure the
water content as such. The result is a mass loss under the condi-
tions applied (Heinze & Isengard, 2001; Isengard, 2001;
Mathlouthi, 2001) and so it does not necessarily reﬂect the true
water content. Tightly bound water escapes detection, but a dis-
tinction between ‘‘free’’ and ‘‘bound’’ water is nevertheless hardly
possible (Isengard, 2001). Beside this, different sources of errors
may be found in oven drying. These are, for example, the incom-
plete removal of water, the loss of other volatiles than water during
the drying period, the formation of a crust at the surface of the
product that slows down the water escape and the water forma-
tion by decomposition reactions and Maillard reaction
(Mathlouthi, 2001). Therefore, to evaluate the performance of the
ofﬁcial method (loss on drying) against Karl Fischer titration (refer-
ence method) the parameters accuracy and precision were calcu-
lated using the same statistical techniques previously applied on
thermogravimetric method. The results of the analyses of different
soft brown sugar samples by loss on drying and Karl Fischer titra-
tion are presented as averages and standard deviations in Table 3.
The accuracy was evaluated by applying the paired t-test at 95%
conﬁdence level. The results (t = 9.30; p = 0.000) suggest that the
method of loss on drying produces water contents consistently
higher than the water contents determined by Karl Fischer titra-
tion (selective method) and that they do not represent the original
water content (as do the other methods). To explain this behavior,
correlation analyses were performed between the moisture con-
tents obtained by this technique and physicochemical parameters
such as acidity, ash and reducing sugars. Positive linear correla-
tions between moisture contents determined by loss on drying
and acidity (r = 0.701) and ash (r = 0.675) were observed. These
results indicate that the systematic errors in water analysis by this
method are inﬂuenced by the chemical composition of brown
sugar samples. As previously described, the impurities (organic
acids and salts) can accelerate the degradation of sucrose and other
sugars present in soft brown sugar, which favors the elimination of
other volatiles along with the removal of water from the sample.
This effect is pronounced even at lower temperatures (105 C)
adopted in the oven, due to the long analysis times (3.0 h) in which
the food was subjected to heating. This result is consistent with
previous studies in which it was also observed that the degradationof sucrose increases with the extent of thermal treatment
(Richards, 1986; Vanhal & Blond, 1999).
To evaluate the precision, an F-test was applied that considers
the ratio of the sample variances from loss on drying and Karl
Fischer methods and conﬁdence intervals were calculated for the
ratio of variances and for the weighted standard deviations at
95% conﬁdence. The analysis of the F-test (Fobs = 1.85; p = 0.324)
suggests that the loss on drying method (Fobs = 2.08; p = 0.241)
shows precision similar to the Karl Fischer titration. These results
are corroborated by the conﬁdence intervals for the ratio of vari-
ances (0.598–7.215), which present a lower limit less than 1.0. This
fact and also the overlap of conﬁdence intervals for the weighted
standard deviations (0.037–0.086 for loss on drying and 0.026–
0.059 for Karl Fischer), indicates that there are no signiﬁcant differ-
ences between the precision of loss on drying method in relation to
Karl Fischer titration. Based on the results of the validation studies,
it can be stated that the loss on drying method has precision com-
parable to Karl Fischer and thermogravimetry methods. However,
its accuracy is affected by the chemical composition of samples
of brown sugar. As the water content is a factor very important
for the quality control of this food, having direct inﬂuence on ﬂa-
vor, texture and physical properties as well as on stability during
storage, accurate determination of this parameter is required.
The ofﬁcial method (loss on drying) does, however, not yield
accurate results.4. Conclusions
Analysis of the thermogravimetric proﬁle of drying suggests
that soft brown sugar has a complex thermal behavior in which
the events of dehydration and melting may overlap to thermal
decomposition reactions of sucrose and other components. The
presence of impurities such as minerals salts, organic acids and
reducing sugars in varying amounts was important to explain the
differences in the ﬁnal thermogravimetric drying temperatures
and melting behavior of this food.
Results of the optimization study by factorial design suggest
that heating rates of 5 C min1 and the use of alumina sample
holders are more suitable for thermogravimetric drying of brown
sugar samples than higher heating rates and platinum sample
holders. This heating rate and the use of an alumina sample holder
provides better heat transfer in the sample during drying, minimiz-
ing the inﬂuence of degradation reactions on water removal. Con-
sequently, these thermal analysis conditions minimize the
introduction of systematic errors on water content analysis. Thus,
optimal conditions for the thermogravimetric method are:
5 C min1 heating rate, alumina sample holder, dynamic atmo-
sphere of the air (50 mL min1) and 5.0 mg sample masses.
The validation study by different statistical techniques demon-
strated that thermogravimetry shows adequate accuracy and pre-
cision for the determination of this physicochemical parameter in
soft brown sugar, since no signiﬁcant systematic and random
errors were observed in comparison with the Karl Fischer method.
This methodology can thus be considered optimized and validated
and can be applied in routine analyses for quality control of soft
brown sugar samples. The data of the ofﬁcial method (loss on dry-
ing) validation study showed that its precision is comparable with
the other two techniques (thermogravimetry and Karl Fischer) but
its accuracy is affected by systematic errors whose magnitude
depends on the chemical composition of brown sugar. In view of
this, it can be stated that this method does not yield correct results
for the water content analysis of this food.
The use of thermogravimetry for the water content analysis in
soft brown sugar can be advantageous over other methods such
as loss on drying, infrared radiation drying or by the Karl Fischer
164 G. Ducat et al. / Food Chemistry 177 (2015) 158–164titration. This thermal analysis technique does not use toxic and
costly reagents or solvents and it also does not need any sample
preparation. Besides, it allows the identiﬁcation of the range of
temperatures at which water is eliminated and it gives information
about the stability and degradation proﬁle which can contribute to
the optimization of production processes of this food.
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